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PREFACE 


This  is  one  of  a  series  of  technical  report  describing  results  of  the  experimental  laboratory 
programs  conduced  at  the  Naval  Medical  Research  Institute  Detachment  (Toxicology).  This  document 
serves  as  a  interim  report  on  The  Physicochemical  Properties  of  SFE  Fire  Suppressant  Atmospheres  in 
Toxicity  vs.  Fire  Extinguishment  Tests:  Implications  for  aerosol  deposition  and  toxicity.  The  research 
described  in  this  report  began  in  November  1995  and  was  completed  in  October  1997  under  Navy  Contract 
No.  REIMB.NAVSEA.1430.  This  study  was  sponsored  by  the  U.S.  Navy  under  the  direction  of  CAPT 
Kenneth  R.  Still,  MSC,  USN. 
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ABSTRACT 


Comparisons  were  made  between  the  physicochemical  properties  of  Spectronics  Fire 
Extinguishant  (SFE)  atmospheres  generated  either  in  a  fire  extinguishment  or  inhalation  toxicity 
assessment  regimen.  Aerosol  and  gas  phase  components  in  the  atmospheres  were  dynamic  as 
opposed  to  steady-state,  having  varying  rates  concentration  change.  Fire  extinguishment  test 
conditions  closely  approximate  those  proposed  for  deployment  of  SFE  as  a  fire  extinguishing 
agent.  Significant  differences  in  aerosol  mass  concentration,  size  distribution  and  shifts  in  size 
distribution  were  found  between  the  two  types  of  atmospheres,  each  generated  at  two  comparable 
target  (nominal)  concentrations.  Likewise,  differences  in  C02  and  CO  concentration  and 
dissipation  rates  of  these  gases  also  were  found  between  the  two  types  of  atmospheres.  A  series 
of  theoretical  calculations  of  C02  induced  hypercapnea  were  developed  as  a  basis  to  examine 
possible  interaction  of  the  components  of  the  atmospheres.  A  hypothetical  case  for  aerosol 
deposition  rate  and  carboxyhemoglobin  formation  and  changes  in  the  rates  of  these  phenomena 
was  formulated  for  each  atmosphere.  These  cases  accounted  for  component  interaction  effects  on 
potential  toxicity.  For  ease  of  comparison  of  these  hypothetical  cases,  3-dimentional  graphics 
were  used  to  illustrate  the  magnitude  of  the  relative  differences  in  particle  deposition  and 
carboxyhemoglobin  formation  between  the  atmospheres.  Data  from  corresponding  animal  studies 
have  been  published  clearly  demonstrate  pulmonary  toxicity  in  rats  from  exposure  to  the  high 
target  load  SFE  atmosphere  in  the  toxicity  testing  system.  SFE  atmospheres  as  generated  in  the 
fire  extinguishment  testing  regimen  were  found  to  have  greater  potential  toxicity  than  those 
generated  in  the  toxicity  testing  system. 
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INTRODUCTION 

Spectronix  Fire  Extinguishant  (SFE)  is  a  dry  powder  aerosol  type  fire  suppressant  which  is 
under  investigation  by  the  Naval  Research  Laboratory  (NRL)  as  a  replacement  for  ozone 
depleting  Halons  currently  used  in  total  flooding  type  fire  extinguishment  systems.  The  efficacy 
of  SFE  as  a  fire  extinguishing  agent  has  been  reported  U3.  These  tests  were  conducted  in  a  56  m3 
compartment  well  suited  for  fire  suppression  studies  located  at  NRL's  Chesapeake  Bay 
Detachment  (NRL/CBD).  SFE  aerosols,  which  are  generated  pyrotechnically  from  bulk  solid, 
were  tested  at  two  nominal  aerosol  concentrations  of  50  and  80  g/m3.  However  during  these 
previous  fire  extinguishment  tests  no  measurements  of  actual  aerosol  mass  concentration  and 
particle  size  distribution  were  made.  Hence  the  respirability  of  the  SFE  aerosols  was  not 
determined.  Prior  to  deployment  of  SFE  it  was  necessary  to  evaluate  the  potential  inhalation 
toxicity  of  this  material.  Consequently,  a  series  of  inhalation  toxicity  studies  were  undertaken  by 
the  Naval  Medical  Research  Institute  Detachment  (Toxicology)  -  (NMRI/TD)  using  a  0.7  m3 
inhalation  exposure  chamber4.  Although  the  basic  pyrotechnic  technique  for  SFE  atmosphere 
generation  was  the  same  in  thq  two  test  systems,  there  were  significant  operational  differences 
between  the  test  systems  which  warranted  a  thorough  characterization  and  comparison  of  the  SFE 
atmospheres  generated  at  comparable  nominal  concentrations. 

SFE  pyrolysis  is  self  perpetuating  and  produces  transient  pressure  and  thermal  pulses, 
which  obfuscate  inhalation  toxicity  evaluations.  Thus,  for  toxicity  evaluations  a  system  was 
designed  in  which  the  SFE  was  ignited  in  one  portion  of  the  system  for  rapid  dissipation  of  the 
pressure  and  thermal  pulse  and  the  combustion  atmosphere  produced  then  transported  into  a 
whole  body  inhalation  exposure  chamber.  This  procedure  differs  from  the  fire  extinguishment 
testing  scenario  used  at  NRL/CBD  in  which  SFE  was  ignited  within  the  test  chamber  itself.  A 
procedure  which  more  closely  simulates  actual  SFE  deployment  methods  and  conditions.  SFE 
atmospheres  in  both  test  systems  were  dynamic  with  concentrations  of  all  principal  constituents 
and  size  distribution  of  the  aerosol  phase  changing  with  time.  However,  the  relative  magnitude 
and  proportion  of  the  principal  constituents  in  the  atmospheres  and  the  rates  at  which  atmosphere 
composition  changes  differ  between  the  two  test  systems.  The  differing  dynamic  behavior  of  the 
atmospheres  complicates  comparison  of  the  potential  toxicity  of  the  atmospheres,  primarily 
because  the  atmospheric  constituents  interact  with  a  synergistic  effect  on  potential  toxicity. 
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Theoretical  mathematical  descriptions  of  atmosphere  constituent  interaction  and  3-dimentional 
graphic  techniques  were  developed  to  illustrate  the  effect  of  differing  constituent  kinetics  and 
interactions  on  potential  aerosol  deposition  and  carboxyhemoglobin  formation  in  humans.  The 
3-dimentional  plots  were  used  as  a  simplified  method  by  which  to  compare  the  potential  toxicity 
of  these  complex  atmospheres. 

METHODS 
Test  Material 

The  SFE  (Formulation  A)  tested  in  both  systems  was  obtained  from  the  Spectrex,  Inc.,  the 
U.S.  subsidiary  of  an  Israeli  company  -  Spectronix,  Ltd.  The  composition  of  SFE  is  proprietary. 

Atmosphere  (Aerosol)  Generation 

The  aerosol  generators  used  in  the  56  m3  chamber  test  system  have  been  previously 
described  in  detail  (2).  The  aerosol  generator  used  in  the  0.7  m3  test  system  was  manufactured 
out  of  two  sections  of  7.62  cm  diameter  schedule  80  stainless  steel  pipe  (Figure  1).  The  lower 
(h  =  7.6  cm)  and  upper  (h  =  20.3  cm)  sections  of  pipe  were  connected  by  flanges.  A  stainless 
steel  fritted  metal  plate  (0.3  cm  thick)  was  placed  between  the  flanges.  The  lower  section 
included  an  0.32  cm  compression  fitting  through  which  3 1  L/min  air  flow  was  metered  using  a 
rotameter  (Matheson  Gas  Products,  Twinsburg,  OH).  The  air  flow  facilitated  transport  of  the 
SFE  combustion  atmosphere  to  the  exposure  chamber.  The  upper  section  of  the  generator  was 
fitted  with  0.16  cm  compression  fitting  to  hold  a  Pr/Rh  thermocouple  (#  8720,  Omega 
Engineering,  Stamford,  CT)  for  recording  generator  temperature  during  SFE  ignition.  A  2.54 
cm  diameter  compression  fitting  in  the  upper  section  held  an  igniter  assembly  which  consisted  of 
a  2.54  cm  diameter  x  6.35  cm  phenolic  rod  pierced  with  two  0.32  cm  diameter  electrodes.  A 
folded  length  of  chromel  A,  nichrome  wire  (26  AWG,  Hoskins  Mfg.  Co.,  Hamburg,  MI) 
sufficient  to  yield  a  3  ohm  resistance  (=  28  cm)  was  attached  to  the  interior  ends  of  the 
electrodes.  Ignition  current  (6  amps  -  4  watts/cm)  was  provided  by  a  1 15  v  power  source  through 
a  115  to  18  v  step-down  transformer  (Triad  Transformer  Co.,  Los  Angeles,  CA)  with  leads 
attached  to  the  exterior  ends  of  the  igniter  electrodes.  The  folded  igniter  wire  was  placed  in  a  5 
cm  diameter  ceramic  boat  (#60050,  Coors  Ceramicon  Designs,  Ltd.,  CO)  located  in  the  bottom 
of  the  upper  plenum  (on  the  fritted  plate).  A  pre-weighed  piece  of  SFE  was  placed  directly  on 
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directly  on  the  igniter  wire.  The  loaded  generator  assembly  was  connected  via  threaded  fittings 
to  6.35  cm  diameter  aluminum  duct  (total  length  =  2.5  m)  which  served  as  conduit  to  the 
exposure  chamber  inlet.  The  SFE  was  ignited  by  applying  1 1 5  v  power  to  the  transformer.  An 
ignition  temperature  for  SFE  of  =  500  °C  was  attained  by  the  igniter  assembly  within  a  few 
seconds,  and  combustion  of  the  SFE  (depending  on  total  mass  ignited)  was  complete  within  =  15 
seconds.  Although  temperature  in  the  generator  assembly  reached  1100  ±  100  °C  the  generator 
assembly  and  the  aluminum  duct  acted  as  a  heat  sink  so  that  the  exposure  chamber  temperature 
was  elevated  by  less  than  2  °C  (initial  22  to  24  °C)  for  =  5  min. 

Test  Chambers 

The  0.7  m3  inhalation  exposure  chamber  was  not  operated  in  the  dynamic  (continuous 
flow)  mode  that  is  routinely  used  for  inhalation  exposures  (Figure  2).  For  this  investigation  the 
chamber  was  operated  in  the  static  (non-flowing)  mode  that  is  generally  used  for  single  event 
atmosphere  generation  such  as  occurs  by  combustion.  During  generation,  the  SFE  atmospheres 
were  piped  into  the  chamber  in  the  dynamic  mode  of  operation;  once  combustion  was  complete 
the  chamber  was  switched  to  the  static  mode  via  automatic  shut-off  valves  at  the  inlet  and  exhaust 
ports.  A  sight  glass  fitted  into  the  chamber  inlet  duct  enabled  visual  determination  of  cessation 
of  SFE  pyrolysis  and  completion  of  transport.  Automated  control  of  system  flow  and  pressure 
differential  assisted  chamber  filling  with  inconsequential  loss  of  test  atmosphere  through  the 
chamber  exhaust,  and  rapid  dissipation  of  the  generation  pressure  pulse.  Generator  and  chamber 
flow  during  ignition  and  filling  was  30-31  L/min.  and  chamber  filling  time  ranged  from  0.75  to 
1.0  min.  at  which  point  static  operation  was  initiated.  Chamber  exhaust  flow  was  provided  by  a 
water-misting  scrubber  (Model  HSB-30,  Heat  Systems  Ultrasonics  Inc.,  Farmingdale  NY).  Prior 
to  ignition  the  exhaust  flow  and  inlet  flows  were  balanced  so  that  the  exposure  chamber  was 
maintained  at  a  sub-ambient  pressure  of  10. 16  to  15.24  cm  F^O  subambient.  At  the  end  of  each  1 
hr  test  period  the  chamber  was  reverted  to  dynamic  operation;  the  chamber  inlet  flow  was 
diverted  from  the  generator  assembly  to  a  passive  inlet  port  so  that  the  chamber  could  be  rapidly 
evacuated  at  a  high  flow  (=  220  L/min).  Chamber  pressure  during  this  maneuver  was  0.25  to  0.5 
cm  H20  subambient.  Complete  evacuation  of  the  test  atmosphere  was  accomplished  within  9 
min. 

The  56  m3  chamber  has  been  described  previously  (1). 
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Aerosol  Analysis 

Identical  analytical  methods  were  used  in  both  test  systems  for  characterization  of  the 
aerosol  component  of  the  SFE  atmospheres.  Aerosol  mass  concentration  was  determined  by 
gravimetric  analysis  of  particles  collected  on  37  mm  diameter  glass  fiber  filters  (Model  61631, 
Gelman  Sciences,  Ann  Arbor,  MI)  placed  in  holders  specifically  designed  for  aerosol  sampling 
(Intox  Products,  Albuquerque,  NM)  through  which  a  known  volume  of  test  atmosphere  was 
drawn.  Sample  flow  was  measured  and  controlled  with  variable  area  rotameters  (Matheson  Gas 
Products,  Twinsburg,  OH)  calibrated  to  National  Institute  for  Standards  and  Testing  (NIST) 
traceable  standards.  Sample  volume  was  controlled  by  electronic  timing  (Model  645,  Gralab 
Instruments  Division,  Centerville,  OH)  of  solenoid  valves  in  the  sample  lines.  Flows  and 
subsequently  sample  volumes  were  adjusted  for  changes  in  pressure  differential  across  the 
sampling  device.  In  the  0.7  m3  chamber,  samples  were  drawn  through  1.2  cm  dia.  sample  probes 
penetrating  the  chamber  wall.  Sample  velocity  and  probe  design  allowed  nearly  isokinetic, 
non-turbulent  sample  flow  which  eliminated  sample  probe  aerosol  deposition  and  sampling 
velocity  artifact.  In  the  56m3  chamber,  the  filter  holders  were  located  directly  within  the  chamber 
at  the  end  of  separate  vacuum  lines.  Shutoff  valves  in  each  of  these  lines  were  connected  to 
manifold  so  that  a  single  calibrated  flow  source  could  be  used  for  sampling.  The  sample  volumes 
were  controlled  in  the  same  manner  as  described  for  the  0.7  m3  chamber  sampling  system.  Filter 
samples  were  collected  at  1,  15,  30,  and  60  min.  in  the  0.7  m3  chamber  and  at  1.5,  15,  30  and  60 
min.  in  the  56  m3  chamber.  To  prevent  chamber  depressurization  an  automated  valve  system  was 
used  to  inject  flows  equivalent  to  the  sampling  flow  into  the  exhaust  manifold  of  the  0.7  m3 
chamber  during  sampling.  Reported  concentrations  have  been  adjusted  for  loss  of  mass 
concentration  due  to  previous  sample  collection. 

Mass  median  aerodynamic  diameter  (MMAD)  and  the  geometric  standard  deviation  (og) 
of  the  aerosol  distribution  were  determined  by  two  methods.  Eight  stage,  multi-jet  cascade 
impactors  (Intox  Products,  Albuquerque,  NM)  were  used  to  collect  samples  for  gravimetric 
analysis  at  time  points  corresponding  to  filter  sample  collections.  Sample  flows  and  pressure 
differentials  were  controlled  in  a  manner  similar  to  filter  samples.  In  the  56  m3  chamber  the 
impactors  also  were  located  within  the  chamber  at  the  terminus  of  individual  vacuum  lines.  A 
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ball  valve  assembly  similar  to  that  used  for  large  chamber  filter  sampling  was  for  collection  of  the 
impactor  samples. 

Aerosol  size  distribution  characteristics  also  were  determined  using  a  laser,  time  of  flight, 
individual  particle  analyzer  {Model  3300B  Aerodynamic  Particle  Sizer  (APS),  TSI,  Inc.,  St.  Paul, 
MN}.  The  APS  was  capable  of  separating  the  particle  distribution  into  58  individual  size  ranges 
from  0.47  to  30.0  pm  diameter  particles,  thus  allowing  for  a  much  greater  resolution  of  the 
particle  size  distribution.  APS  samples  were  drawn  through  two  diluters  (Model  3302,  TSI,  Inc., 
St.  Paul,  MN)  in  series  for  a  10,000:1  dilution.  Flow  splitting  methods  were  employed  to  provide 
a  total  dilution  of  40,000:1  necessary  to  prevent  nozzle  clogging  and  to  minimize  coincidence 
loss  in  the  APS  (Figure  3).  Comparative  analysis  of  diluted  and  undiluted  samples  (of  short 
duration)  by  cascade  impaction  methods  demonstrated  that  the  dilution  procedures  did  not 
significantly  alter  aerosol  size  distribution.  APS  samples  were  taken  at  1  or  1.5,  15,  30,  45,  and 
60  min.  MMAD  and  ag  determinations  were  based  on  impactor  samples,  whereas  changes  in 
aerosol  distribution  shape  and  modality  were  based  on  APS  samples. 

Gas  Analysis 

Chromatographic  methods  were  used  for  C02  analysis  at  the  NRL/CBD  test  site  (56  m3 
chamber)  and  have  been  described  previously2.  Carbon  monoxide  concentration  in  the  56  m3 
chamber  was  measured  continuously  by  wavelength-specific,  non-dispersive  IR  spectrometry 
(Enviromax  3000,  Liston  Scientific,  Irvine,  CA).  Wave-length-specific,  non-dispersive  IR 
spectrometry  was  used  for  both  CO  and  C02  in  the  0.7  m3  chamber  (Model  865  Beckman 
Industries,  La  Habra,  CA).  The  latter  samples  were  collected  at  times  corresponding  to  APS 
samples.  Electro-chemical  measurement  of  02  concentration  in  the  56  m3  chamber  was 
continuous  (Enviromax  3000)  and  on  a  grab  sample  basis  in  the  0.7  m3  chamber  (Model  326RA, 
Teledyne  Analytical  Instruments,  City  of  Industry,  CA).  Gas  sampling  systems  for  the  0.7  m3 
chamber  were  similar  to  the  aerosol  sampling  systems,  each  having  a  corresponding  balanced 
make  up  air  return  to  the  chamber  exhaust  line  to  prevent  chamber  depressurization  during 
sampling.  Gas  sample  volumes  removed  from  the  large  test  chamber  were  inconsequential  and 
adjustment  of  samples  to  correct  prior  sampling  artifact  was  not  required. 
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Particle  Morphology 

An  electrostatic  precipitator  (Model  02-1500,  Intox  Products,  Albuquerque  NM)  was 
used  to  collect  particles  for  examination  by  scanning  and  transmission  electron  microscopy  to 
determine  aerosol  particle  morphology  and  composition  by  X-ray  defraction.  Multistage  cyclone 
samples  were  collected  for  analysis  of  particle  specific  surface  area  (SSA)  and  particle  density  by 
Braunuer-Emmitt-Teller  analysis  ofN2  adsorption  isotherms5  using  an  adsorption  analyzer 
(Quantasorb,  Quantachrome  Inc.,  Boynton  Beach,  FL). 

Experimental  Design 

All  test  periods  were  60  minutes.  The  test  schedule  is  shown  in  Table  1. 

RESULTS 

Spatial  Distribution  -  56  m3  chamber 

The  0.7  m3  inhalation  exposure  chamber  was  specifically  designed  for  mixing  and  even 
distribution  of  aerosols  within  the  chamber  exposure  volume;  chamber  characterization  has  been 
reported  elsewhere4  In  the  large  chamber,  mixing  and  dispersal  of  the  aerosol  was  accomplished 
by  using  a  fan  during  the  first  1.5  min.  after  ignition  of  the  SFE.  A  single  trial  was  made  at  the  50 
g/m3  target  load  to  determine  spatial  variation  within  the  chamber  of  aerosol  concentration,  size 
distribution  and  C02  concentration.  Measurements  were  made  over  the  course  of  1  hr  at  heights 
of  0.3,  1,  1.75  and  3.3  m  and  at  distances  of  approximately  2.0  m  from  the  left  and  rear  walls  of 
the  chamber.  No  significant  differences  of  spatial  or  temporal  distribution  of  either  the  aerosol  or 
C02  components  of  the  SFE  atmospheres  were  found  in  the  56  m3  chamber  (Tables  2  and  3). 
Aerosol  Mass  Concentration 

Initial,  actual  aerosol  mass  concentration  for  both  target  loads,  50  and  80  g/m3,  was  higher 
in  56  m3  chamber  at  10.2  and  14  g/m3  respectively  vs.  6.3  and  10.0  g/m3  respectively  for  the  0.7 
m3  chamber.  Gravitational  settling  of  particles  throughout  the  test  period  resulted  in  final 
concentrations  of  1.7  and  1.2  g/m3  in  the  50  and  80  g/m3  loads  in  the  56  m3  chamber.  Final 
aerosol  concentrations  in  the  0.7  m3  chamber  were  0.7  g/m3  for  both  loads  (Figure  4).  In  both 
chambers  and  for  both  target  loads,  decay  of  aerosol  concentration  was  exponential.  Shorter 
half-times  (T1/2 )  of  15.5  and  16. 1  min.  were  found  for  the  higher  target  load  for  the  0.7  and  56 
m3  chambers  respectively.  Tm  for  the  low  target  load  was  18.6  and  22.4  min.  respectively. 
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Aerosol  Size  Distribution  and  Particle  Growth 

The  initial  MMADs  for  the  four  atmospheres  ranged  from  2.4  to  3.0  pm ,  maximum 
MMADs  ranged  from  3.0  to  6.3  pm.  The  ogs  of  the  particle  distributions  ranged  from  1.42  to 
2.01  at  various  times;  however,  average  ogs  were  1.66  to  1.88.  Growth  was  more  rapid  for  the 
higher  target  load  in  both  chambers  and  apparently  much  more  rapid  in  the  56  m3  chamber 
(Figure  5). 

CO  and  C02  Concentration 

C02  concentrations  in  the  56m3  chamber  were  much  higher  at  both  target  loads  than 
corresponding  concentrations  in  the  0.7  m3  chamber.  The  large  chamber  was  not  a  well-sealed, 
containment  vessel  as  are  inhalation  exposure  chambers;  therefore,  in  this  chamber  the  gas  phase 
components  of  the  SFE  atmospheres  underwent  concentration  decay  similar  to  that  of  the  aerosol 
phase.  Initial  C02  concentrations  for  the  50  and  80  g/m3  loads  in  the  large  chamber  were  14,475 
and  22,200  ppm  respectively.  Final  C02  concentrations  for  the  large  chamber  were  7,100  and 
9,500  ppm  respectively.  C02  concentrations  in  the  0.7  m3  chamber  were  steady-state  at  10,230 
to  10, 105  ppm  for  the  50  g/m3  target  load.  C02  concentrations  for  the  80  g/m3  load  in  the  0.7  m3 
chamber  were  9,457  ppm  initially  to  9,376  ppm  at  60  min  (Figure  6).  Initial  and  final  CO 
concentrations  in  the  0.7  m3  chamber  were  2,168  and  2,538  ppm  at  the  50  g/m3  load. 

At  the  80  g/m3  load  initial  and  final  CO  concentrations  were  6,548  and  6,360  ppm  respectively  in 
the  0.7  m3  chamber.  In  the  56  m3  chamber  long  sampling  lines  and  a  large  dead  space  (in-line 
filter  assembly  required  to  remove  particles  from  the  sample)  in  the  CO  analysis  system  lead  to 
large  sample  lag  time  (=  20  min.).  Consequently,  CO  concentration  measurements  that  did  not 
include  sample  system  artifact  were  not  obtained  until  the  20  min  sample  point.  Known  sampling 
delays  were  factored  into  CO  concentration  vs.  time  analysis.  Carbon  monoxide  concentrations 
were  fitted  to  an  exponential  decay  curve  comparable  to  those  observed  for  C02 .  Decay  rate 
constants  for  the  CO  concentration  curves  were  calculated  by  adjusting  corresponding  C02  decay 
constants  in  proportion  to  the  diffusion  coefficient  ratio  for  these  gases.  Diffusion  was  assumed 
to  be  the  predominant  factor  in  gas  concentration  decay.  Gas  diffusion  coefficient  ratio  was 
determined  by  Graham's  law6 .  Maximum  observed  CO  concentrations  in  the  56  m3  chamber 
were,  for  the  50  and  80  g/m3  loads  respectively,  2,992  and  4,810  ppm,  whereas  extrapolated  peak 
CO  concentrations  were  estimated  to  be  5,485  and  10,148  ppm  respectively  (Figure  7).  Oxygen 
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concentration  in  the  56  m3  varied  from  19.1  to  19.9  %  and  ranged  from  20.1  to  20.6  %  in  the  0.7 
m3  chamber. 

Particle  Morphology 

Energy  dispersive  X-ray  analysis  indicated  that  SFE  aerosol  particles  were  composed  of 
greater  than  97  %  KC1,  with  traces  of  a  variety  of  metals  and  KOH7.  The  SSA  of  particles  from 
the  0.7  m3  chamber  at  the  low  target  load  was  2.74  m2/g  and  particle  density  was  determined  to  be 
2.23  g/cm3 .  These  were  comparable  to  a  predicted  value  of  SSA  =  2.08  m2/g  for  3.3  pm 
MMAD  (average  over  of  all  samples)  spherical  particles  and  an  assuming  particle  density 
equivalent  to  the  bulk  density  of  KC18, 1.98  g/cm3 .  This  indicated  that  the  individual 
(non-agglomerated)  aerosol  particles  were  not  cenospherical  and  were  slightly  porous.  Electron 
microscopy  of  particles  showed  that  individual  particles  and  agglomerate  particles  in  the  0.7  m3 
chamber  atmospheres  were  cubiodal  crystals.  Particles  and  agglomerates  collected  from  56  m3 
chamber  atmospheres  were  spherical  with  evidence  of  surface  remodeling  due  to  moisture.  The 
relative  humidity  (RH)  in  the  56  m3  chamber  during  the  testing  period  was  at  or  near  100  % 
compared  to  an  average  30  %  RH  in  the  0.7  m3  chamber  atmospheres. 

DISCUSSION 

Systems  Mass  Balance  and  Comparative  Efficiencies 

Mass  balance  calculations,  based  on  peak  concentrations,  indicate  that  in  the  0.7  m3 
chamber  test  system  10.7  and  23.4  %  of  the  mass  of  SFE  ignited,  for  the  50  and  80  g/m3  loads, 
remained  unaccounted  for  by  the  aerosol ,  C02and  CO  yields.  At  target  concentrations  of  50 
and  80  g/m3,  24.8  and  25  %  of  the  SFE  ignited,  respectively,  remained  unaccounted  for  in  the  56 
m3  chamber.  The  0.7  m3  system  used  bulk  SFE  more  efficiently  than  its  56  m3  counterpart  at  the 
lower  target  concentration.  However,  with  respect  to  aerosol  generation  12.3  and  12.4  %  of  the 
SFE  mass  was  aerosolized  at  the  50  and  80  g/m3  loads  in  the  0.7  m  chamber,  whereas 
aerosolization  was  19  and  17.4  %  of  the  SFE  mass  at  the  50  and  80  g/m  loads  in  the  56  m 
chamber.  The  average  ratio  (both  target  loads)  of  aerosol  formation  efficiency  in  the  chambers 
was  1.5:1  (56:0.7  m3  chambers) .  Therefore,  the  large  system  was  50  %  more  efficient  at  aerosol 
dispersal  if  not  formation.  A  slightly  greater  overall  efficiency  for  pyrolysis  of  SFE  for  the  0.7  m3 
chamber  system  suggested  that  transport  loss  of  aerosol  and  not  aerosol  production  was  the 
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cause  for  the  observed  difference  in  aerosol  dispersion  efficiency.  C02  concentration  in  the  0.7 
m3  system  was  greater  at  the  lower  target  load  than  at  the  higher  target  load,  suggesting  that 
combustion  efficiency  in  the  generator  was  greater  at  the  lower  target  concentration. 

Consequently  the  mass  percentages  of  C02  yield  were  not  similar,  at  38.2  and  21.8  %,  for  the  50 
and  80  g/m3  loads  respectively.  Yields  of  C02  (using  peak  concentrations)  in  the  56  m3  chamber 
were  similar  at  49.6  and  50.6  %  for  the  50  and  80  g/m3  loads.  The  relative  C02  production  ratio, 
based  on  peak  mass  concentration,  for  the  systems  (56:0.7  m3  chambers)  was  2.1:1  at  the  50  g/m3 
load  and  1.5:1  at  the  80  g/m3  load.  CO  production  (using  extrapolated  peak  values)  accounted 
for  1 1.9  and  14.6  %  of  the  SFE  mass  used  in  the  56  m3  chamber  at  the  50  and  80  g/m3  loads 
respectively.  CO  yield  in  the  0.7  m3  system  was  6.5  and  6.9  %  for  the  50  and  80  g/m3  loads 
respectively.  CO  production  ratio,  based  on  peak  and  estimated  peak  mass  concentrations,  for  the 
systems  (56:0.7  m3  chambers)  was  1.8:  lat  50.0  g/m3  and  2.1:1  at  80  g/m3  targets.  These  ratios 
suggest  that  the  SFE  combustion  process  for  both  systems  was  not  complete  regardless  of  target 
load  and  that,  overall,  combustion  efficiency  in  the  fire  extinguishment  test  system  was  greater 
than  that  of  the  inhalation  toxicity  test  system. 

Particle  Growth 

For  aerosols  with  =  3.0  pm  MMADs  and  agsofl.7,  having  the  high  initial  mass 
concentrations  observed  in  the  study  of  14,  10.2,  10.0  and  6.3  g/m3  have  corresponding  particle 

number  concentrations  of  1.78  x  106,  1.30  x  106,  1.27  x  106  and  0.8  x  106  particles/cm3,  assuming 
an  SFE  particle  density  of  »2.0  g/cm3 .  Aerosols  with  a  number  concentration  of  1.0  x  106 
particles/cm3  have  a  theoretical  number  concentration  T1/2  of  =  33  min.  due  to  coagulation  and 
agglomeration,  assuming  no  depletion  of  total  aerosol  mass  due  to  settling8,9.  Consequently,  it 
was  assumed  that  coagulation  was  a  primary  factor  in  the  observed  particle  growth  and  in  the 
differences  in  particle  growth  at  the  respective  target  loads.  Salt  aerosol  particles  are  known  to  be 
very  hygroscopic  and  subject  to  rapid  growth  at  a  characteristic  RH  (84  %  for  KC1)  at  which 

particle  dissolution  occurs10.  The  apparent  increase  in  particle  growth  found  in  the  56  m3  chamber 
is  most  likely  due  to  an  initial  rapid  hygroscopic  growth  at  RH  =  100%  coupled  with  coagulation. 
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Potential  Toxicity  -  Aerosol  Deposition  and  Carboxyhemoglobin  Formation 

There  are  several  possible  untoward  effects  implicit  in  the  inhalation  of  atmospheres  of 
SFE,  however  only  particle  deposition  and  formation  of  carboxyhemoglobin  will  be  addressed. 

Particle  Growth  Effects 

Based  on  the  current  International  Commission  on  Radiation  Protection  human  particle 
deposition  curves”  the  particle  growth  observed  in  all  experimental  conditions  would  increase 
total  respiratory  tract  deposition  (TR).  The  1  pm  increase  in  MMAD  in  the  0.7  m3  chamber  seen 
for  both  the  50  and  80  g/m3  loads  correspond  to  increases  in  total  lung  deposition  of  5  and  3  %. 

In  the  56  m3  chamber,  the  2  pm  increase  of  MMAD  would  result  in  a  7  %  increase  in  TR  while 
an  increase  of  3.9  pm  at  the  80  g/m3  load  would  result  in  a  20  %  increase  in  TR.  Particle 
growth-induced  deposition  changes  would  be  greater  for  the  various  subcompartments  of  TR 
because  of  the  greater  dependence  of  regional  deposition  on  particle  size.  In  the 
naso-oro-pharyngeal  (NP)  region,  particle  deposition  would  increase  by  as  little  as  8  %  (0.7  m3  - 
80  g/m3)  to  as  much  as  45  %  (56  m3  -  80  g/m3).  Tracheobronchial  (TB)  region  deposition,  based 
on  curves  developed  by  Cheng  and  Yeh12,  would  increase  by  6  %  at  either  target  load  in  the  0.7 
m3  chamber  and  by  14  and  33  %  in  56  m3  chamber  at  50  and  80  g/m3  respectively.  With  initial 
MMADs  and  magnitude  of  particle  growth  observed  in  the  present  study,  pulmonary  (P)  regional 
deposition  would  decrease.  In  the  0.7  m3  chamber,  P  deposition  would  decrease  by  17  and  16  % 
at  the  low  and  high  loads,  respectively.  Decreases  in  P  region  fractional  deposition  would  be 
greater  in  the  56  m3  chamber,  at  26  and  44  %  for  the  low  and  high  loads,  respectively. 

Theoretical  deposition  fractions  for  given  particle  diameters  are  listed  in  Table  4.  These  large 
decreases  in  the  P  region  would  have  greater  significance  for  less  soluble  aerosols  because  of  the 
relatively  slower  clearance  from  this  compartment.  However,  because  SFE  particles  are  highly 
soluble,  shifts  in  regional  deposition  pattern  assume  secondary  relevance  to  TR  deposition 
changes  primarily  because  rapid  dissolution  of  the  particles  decreases  particle  residence  time  in 
these  regional  compartments  where,  normally,  other  clearance  mechanisms  slower  than  particle 
dissolution  would  predominate. 

System  Atmosphere  Differences  and  Potential  Toxicity 

An  average  (both  load  levels)  relative  aerosol  dispersal  efficiency  ratio  of  =  1.5  for  the 
56  m3  chamber  conditions  vs.  the  0.7  m3  conditions  would  favor  a  comparable  1.5  ratio  for  initial 
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aerosol  deposition  rate  in  lungs  at  a  given  minute  ventilation  (Ve).  For  example,  at  the  80  g/m3 
load  level,  an  individual  with  a  typical  resting  Ve  of  7  L/min.13  exposed  to  the  56  m3  chamber 
atmosphere,  at  peak  aerosol  concentration  of  14.0  g/m3,  would  have  9.8  x  10'2grams/min  total 
lung  deposition  rate.  This  assumes  an  average  (mean  of  all  SFE  MMADs)  TR  deposition  fraction 
of  0.9,  growth  effects  not  withstanding  (see  Table  4).  The  same  individual  exposed  to  the  0.7  m3 
chamber  atmosphere,  at  peak  aerosol  concentration  of  10.0  g/m3 ,  would  have  7.0  x  10'2  g/min 
total  lung  deposition  rate.  At  the  50  g/m3  load,  the  corresponding  deposition  rates  would  be  7.1  x 
10‘2  g/min  and  4.4  x  10‘2  g/min. 

Change  in  the  percent  baseline  carboxyhemoglobin  (COHb)  level  in  man  caused  by 
breathing  CO  can  be  predicted  by  the  following  empirical  equation14. 

A  [COHb]%  =  (CO  x  Ve  x  t)/  2.5  x  104,  [1] 

where  Ve  is  L/min.,  t  is  min.,  and  CO  is  ppm.  This  algorithm  was  found  applicable  for  humans 
breathing  CO  concentrations  from  90  to  21,000  ppm  for  periods  of  20  to  300  min.  but  with 
limited  reliability  at  COHb  concentrations  above  80  %.  As  a  point  of  reference,  baseline  COHb 
in  non-smokers  is  1.3  %  and  in  smokers  may  vary  from  5  to  10  %.  Thus  at  a  baseline  Ve  =  7 
L/min.  and  exposure  to  the  50  and  80  g/m3  (0.7  m3  chamber)  atmospheres  for  20  min.  the 
predicted  COHb  levels  would  be  =  14.4  and  37.4%  .  In  the  56  m3  chamber,  corresponding  COHb 
levels  would  be  30.7  and  56.8%  at  extrapolated  initial  CO  concentrations. 

These  aerosol  deposition  and  COHb  formation  calculations  are  based  on  the  assumption  of 
steady-state,,  peak  concentrations  of  the  constituents  in  the  respective  atmospheres  and  a  fixed 
Ve.  Because  of  the  differing  rates  of  change  of  the  aerosol  and  gaseous  component 
concentrations  assessment  and  comparison  of  the  potential  toxicity  of  these  atmospheres  is  much 
more  complex  than  indicated.  Assessment  and  comparison  of  the  potential  toxicity  of  these 
atmospheres  is  further  complicated  by  the  relative  magnitude  physiological  responses  that  they 
elicit,  for  example,  C02  induced  hypercapnea  and  how  this  in  turn  effects  the  inhalation  of  other 
constituents  of  the  atmosphere. 

Respiratory  sensitivity  to  C02  inhalation  has  long  been  recognized  with  respect  to  both 
stimulation  of  ventilation  at  low  concentrations  of  C02  and  to  C02  induced  narcosis,  apnea. 
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and  death  at  high  concentrations.  However  the  correlation  between  atmospheric  C02 
concentration  and  Ve  is  not  linear  and  is  more  complicated  than  is  superficially  apparent.  Early 
investigators  demonstrated  that  the  partial  pressure  of  C02  (Pco^  rather  than  fractional  portion 
of  C02  in  respiratory  gas  was  the  determinant  of  the  amount  of  gas  in  blood15,16.  Haldane  and 
Priestly17  demonstrated  the  specific  importance  of  the  alveolar  partial  pressure  of  C02  (PAco2)  for 
regulation  of  breathing;  showing  that  despite  large  changes  in  barometric  pressure,  PAco2 
remained  relatively  constant  at  approximately  40  mmHg.  Carbon  dioxide  stimulation  of 
respiration  was  demonstrated  to  be  mediated  by  separate  if  not  totally  independent  mechanisms 
than  hypoxic  stimulation  of  ventilation.  Subsequently,  research  has  lead  to  the  current 
understanding  of  the  importance  of  the  C02  -  FT  -  OCH3‘  system  in  regulation  of  breathing 
through  action  on  peripheral  (carotid  body  and  aortic)  and  central  (medullary)  chemoreceptors16. 
Although  atmospheric  C02  concentration  and  PAco2  are  directly  related,  PAco2  is  greater  than 
the  corresponding  atmospheric  Pco2  even  when  C02  enriched  atmospheres  are  breathed. 

Despite  the  fact  that  the  combined  partial  pressures  of  respiratory  gases  are  generally  lower  than 
their  atmospheric  counterparts  due  to  an  increase  in  water  vapor  pressure  in  the  lungs,  the  relative 
PAco2  is  elevated  due  numerous  factors.  Mixing  of  inspired  gas  with  C02  enriched  (from  the 
previous  breath)  gas  in  the  physiologic  dead  space,  the  exchange  of  C02  to  the  lung  and  02  to 
the  blood  serve  to  concentrate  PAco2.  Consequently  there  are  numerous  other  factors  which 
influence  PAco2  including  change  in  the  relative  fraction  of  dead  space  to  tidal  volume,  the 
metabolic  production  of  C02 ,  the  consumption  of02,  interaction  with  hypoxic  stimulation  of 

ventilation,  work  of  ventilation,  and  respiratory  exchange  ratio  or  quotient  (R  =  FCO/FO-,)  to 
name  a  few.  Exact  quantitative  descriptions  based  on  well  known  physiological  parameters,  have 

been  developed  to  describe  various  relationships  in  stable,  steady-state  gas  exchange,  normally  on 

a  breath  by  breath  basis18,19.  For  example,  A  PAco2  can  be  calculated  precisely 
if  concentrations  of  inspired  C02  and  02,  alveolar  ventilation,  and  PAo2  or  A  PAo2  are  either 

known  or  estimated  with  reasonable  accuracy.  These  calculations,  however,  are  not  amenable  for 

modification  and  use  to  describe  the  relationship  between  atmospheric  C02  concentration  and 

PAco2  under  other  than  steady-state  conditions.  Consequently,  we  have  developed  a  series  of  first 

approximation  and  empirical  quantitative  expressions  of  the  relationships  between  atmospheric 

C02  concentration,  PAco2  and  Ve  based  on  a  review  of  the  literature16,'820thro  81,3 .  The  purpose  for 

the  development  of  a  dynamic,  quantitative  model  of  C02  induced  hypercapnea  was  to  describe 


12 


the  effects  of  differing  C02  concentrations  and  kinetics  in  the  SFE  atmospheres.  A  quantitative 
model  of  hypercapnea  could  then  be  used  to  model  component  interaction  in  the  SFE 
atmospheres.  Three  dimentional  graphs  could  then  be  developed  to  illustrate  the  relative  impact 
of  hypercapnea  on  aerosol  particle  depositon  and  carboxyhemoglobin  formation  from  inhalation 
of  CO.  The  3 -dimentional  plots  could  then  serve  as  a  simple  graphical  method  to  compare  the 
relative  potential  toxicity  of  these  complex  atmospheres. 

Data  reported  in  the  literature  relating  Ve  to  PAco2  and  atmospheric  C02  concentration 
were  fitted  to  the  following  regression  with  a  coefficient  of  determination  (r2)  of  0.991991 
(Figure  8): 


PAco2  =  33 .899 1  +0.00 1493  x09245  [2] 

where,  x  =  C02  (ppm), 

33.8991=  normal  PAco2  (mmHg)  not  corrected  to  body  temperature  and  pressure 
saturated  (ie.  40  x  0.863  =  34.52)  -  see  19), 

0.0014933  =  0.00152  which  is  2  times  the  conversion  factor  C02  ppm  to  mmHg 
(0.00076),  the  factor  of  2  is  required  to  account  for  partial  pressure  equilibrium  between  the 

alveolar  space  and  blood  assuming  no  metabolic  C02  production;  and 

0.9245  =  the  correction  factor  for  barometric  pressure  sans  water  vapor  pressure  at  37  0 
C.  (ie.  (760-713)/760  =  0.9382). 

Non-linear  regression  analysis  was  applied  to  data  from  the  literature  relating  PAco2  to  Ve 
(Figure  9)  resulting  in  the  following  empirical  equation  for  a  sigmoidal  curve  (r2  =  0.99283): 

Ve  =  0.21387  +  62.2898/(l+exp(-(x  -  40.7476)/8.5355))  [3] 

where,  x  =  PAco2  (mmHg). 

Equation  2  and  equation  3  were  combined  and  with  additional  data  from  the  literature  directly 
correlating  C02  concentration  and  Ve  were  subject  to  a  second  non-linear  regression  analysis 
(r2  =  0.99892)  yielding  the  following  empirical  sigmoidal  curve  equation  (Figure  10): 

Ve  =  -  0.72562  +  63.9715/(l+exp(-(x  -  58949.29)/14807.62))  [4] 
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where,  x  =  C02  (ppm). 

The  sigmoidal  shape  of  the  curves  relating  PAco2  and  C02  concentration  to  Ve  were  similar  to 
those  described  by  Comroe21  who  noted  that  initial  stimulation  of  breathing  by  C02  was  neither 
rapid  nor  great  until  PAco2  had  been  elevated  by  approximately  10  to  15  mmHg.  Severinghaus 
and  Larson  reported  similar  findings33.  This  initial  moderate  simulation  of  ventilation  by  C02  can 
be  attributed  to  the  buffering  effects  of  blood  and  extracellular  fluids  which  tends  to  limit  HT 
stimulation  of  central  and  peripheral  ventilatory  receptors.  Once  the  buffering  capacity  is 
exceeded  the  ventilatory  response  to  C02  is  nearly  linear  and  much  greater.  The  upper 
asymptotic  limit  of  the  Ve  -  C02  response  curve  has  been  attributed  to  occupation  of  receptor 
sites,  onset  of  apnea  from  C02  narcosis  (elevation  ofPAco,  by  =  70  mmHg) ,  and  mechamcal 
factors  such  as  the  Hering  -  Breuer  reflex  response  to  lung  distention16'2021’26  33. 

Equation  4  then  was  combined  with  the  equations  (all  r2  >  0.998)  describing  the 
exponential  decay  of  C02  concentration  in  the  SFE  atmospheres  (see  Figure  6)  to  obtain  a  senes 

of  curves  describing  C02  induced  hypercapnea  for  each  SFE  atmosphere  for  the  one  hour  test 
period,  assuming  a  baseline  Ve  of  7  L/min.  (Figure  11).  These  transformations  then  were  used  to 
plot  the  fractional  increase  in  aerosol  particle  deposition  over  the  course  of  one  hour  of  each  of 
the  SFE  atmospheres  assuming  a  1:1  correlation  between  ventilation  and  aerosol  deposition  and  a 
baseline  Ve  of  7  L/min.  (Figure  12).  Equation  4  transforms  were  combined  with  the  equations 
(all  r  >  0.998)  characterizing  the  exponential  aerosol  concentration  decay  (see  Figure  4)  to 
determine  hypercapnea  driven  increase  in  aerosol  deposition  rate.  Baseline  values  were 
determined  by  assuming  a  resting  Ve  of  7  L/min.  and  inhalation  of  the  lowest  measured  aerosol 
concentration  of  all  the  SFE  atmospheres,  0.7  mg/L,  giving  a  baseline  deposition  rate  of  4.9 
mg/min.  The  Ve  functions,  the  aerosol  concentration  decay  equations  and  corresponding  aerosol 
deposition  rate  change  calculations  were  used  to  generate  3-dimensional  plots  (Figures  13,14,15 
and  16).  When  plotted  on  an  equivalent  scale  the  relative  areas  of  the  surface  maps  correspond 
to  the  relative  difference  in  hypercapnea  stimulated  increase  in  aerosol  particle  deposition  between 
the  various  SFE  atmospheres.  Because  the  extent  of  the  surfaces  mapped  in  these  plots 
represents  the  range  of  exposure  and  physiological  response,  comparison  of  the  surface  maps 

serves  as  an  index  of  relative  potential  health  risk  associated  with  breathing  these  atmospheres. 
For  a  given  human  exposure,  both  A  Ve  and  A  mg/L  (aerosol  concentration)  change  with  time. 
Therefore  the  changes  in  deposition  rate  are  defined  by  a  line  (diagonal  or  quasi-diagonal)  lying 
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in  the  surface  map  depicted  in  these  figures.  The  area  of  the  imaginary  plane  "below"  this 
"response"  line  which  is  normal  to  the  XY  plane  (ie.  parallel  to  the  Z  axis)  is  proportional  to  the 
total  aerosol  deposition  increase.  Total  aerosol  deposition  change  would  be  calculated  as  the 
integral  of  this  resonse  line,  the  area  of  which  is  bounded  by  the  imaginary  plane.  The  surface 

map  ("response  map")  shown  in  the  figures,  which  is  a  matrix  composed  of  corresponding  XYZ 
coordinates,  is,  in  turn,  proportional  (as  a  function  of  A  Z,  by  virtue  of  a  common  XYZ 
coordinate  set)  to  the  imaginary  plane  area36,37.  Consequently  the  surface  map  area  is  proportional 

to  and  representative  of  total  change  of  aerosol  deposition  for  the  corresponding  SFE 

atmosphere,  given  the  hypercapneic  A  Ve  assumptions. 

A  similar  process  was  used  to  examine  the  differences  of  A  COHb  %/min.  formation  rate 
(Figures  17,  18,19  and  20)  and  cumulative  COHb  %/min  production  (Figures  21,22,23,  and 
24)  for  each  SFE  atmosphere  using  the  equations  (all  r2  £  0.995)  for  exponential  decay  of  CO 
concentration  (see  Figure  5)  and  equation  1  above.  Like  the  3-dimentional  aerosol  deposition 

plots,  the  relative  area  of  the  surface  maps  illustrates  the  relative  magnitude  SFE  atmosphere 
induced  COHb  formation  and  thus  of  the  potential  toxicity  of  the  SFE  atmospheres.  Likewise 
they  serve  to  illustrate  influence  of  component  interaction  on  potential  toxicity.  The  direct 
health  risk  of  exposure  to  C02  at  study  concentrations  and  durations  and  of  C02  induced 
hypercapnea  is  marginal.  In  fact,  C02  inhalation  at  concentrations  found  in  the  test  atmospheres 
has  been  used  clinically  to  stimulate  ventilation  in  the  course  of  treatment  of  some  metabolic 
disorders  and  in  the  evaluation  of  some  respiratory  diseases.  Under  the  present  circumstances  the 
influence  of  calculated  C02  induced  hypercapnea  on  the  potential  toxicity  of  other  components 
of  these  atmospheres  was  found  to  be  remarkable,  as  indicated  by  comparison  of  the  surface 
maps. 

The  task  of  assessing  and  comparing  the  potential  toxicity  of  complex,  multi-component, 
multi-phasic  atmospheres  which  also  are  dynamic  with  respect  to  concentration  and  interaction  of 
the  components  presents  challenge  to  toxicologists  and  other  environmental  health  risk 
assessment  professionals.  Precise  reproduction  in  the  laboratory  of  complex  atmospheres 
encountered  in  industrial  and  environmental  settings,  for  toxicity  evaluation,  often  is  not  possible 
due  to  restrictions  of  the  laboratory  setting.  The  need  for  extensive  field  characterization  of 
potential  hazards  and  the  development  new  strategies  for  comparison  of  laboratory  test 
atmospheres  with  "real-life"  counterparts  are  essential  to  enhance  the  validity  of  toxicity  and 
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safety  evaluation  studies.  The  present  investigation  provided  an  opportunity  to  employ  one  such 
approach  by  using  a  3-dimentional  graphical  means  to  illustrate  the  relative  potential  toxicity  of 
SFE  atmospheres  which  at  cursory  observation  are  not  readily  apparent  and  for  which  the  effects 
of  constituent  interaction  are  not  obvious.  The  use  of  a  3-dimentional  graphial  approach  to 
integrate  the  effects  of  well  characterized  (albeit  calculated)  physiological  responses  to  the  inhaled 
atmospheres  provides  an  additional  tool  for  examining  the  potential  effects  of  component 
interaction  in  complex,  multi-component  atmospheres.  In  the  present  investigation  an  illustrative, 
graphical  approach  to  data  analysis  in  conjunction  with  more  conventional  techniques  enhanced 
the  application  of  laboratory  inhalation  toxicity  study  results  to  the  assessment  of  the  potential 
hazard  of  "real-life"  atmospheres  when  the  laboratory  conditions  do  not  permit  exact  recreation 
of  those  "real-life"  atmospheres. 
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TABLE  1. 

EXPERIMENTAL  DESIGN 
ATMOSPHERE  CHARACTERIZATION 


Chamber  I 

Target  Concentration! 

Number  of  Trials 

0.7  m3 

50  g/rrv' 

3 

0.7  m3 

80  g/m3 

4 

56  m3 

50  g/m3 

3 

56  m3 

80  g/m3 

2 
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TABLE  2.  AEROSOL  SPATIAL  DISTRIBUTION  -  56  m3  CHAMBER 


Height 
from  floor 

Concentration 

g/m3 

Size 

MMAD  -  pm 

1.5  min. 

60  min. 

1.5  min 

60  min 

0.3  m 

10.1 

1.8 

2.9 

5.2 

1.0  m 

MM 

1.9 

3 

4.9 

1.75  m 

JSM 

1.9 

2.9 

4.4 

3.3m 

11.4 

2 

3 
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TABLE  3.  CO.  SPATIAL  DISTRIBUTION  -  56  m3  CHAMBER 


Concentration 

~~ 

Height 
from  floor 

1.5  min. 

2.5  min. 

30  min. 

^^6(Hnin^^^ 

0.3  m 

23.4 

24.2 

- 

11.2 

1.0  m 

26.5 

25.4 

17 

13.9 

1.75  m 

26.2 

26.7 

18.2 

12.2 

3.3  m 

^6^ 

24.9 
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TABLE  4. 

AEROSOL  GROWTH  EFFECT  ON  PARTICLE  DEPOSITION 


EXP. 

SIZE 

DEPOSITIO 

N  FRACTION 

initial 

max . 

T  R 

NP 

T  B  | 

P 

(tint) 

(fim) 

initial 

max. 

initial 

max. 

initial 

max. 

initial 

min. 

0.7-50 

2.8 

3.8 

0.87 

0.93 

pi§U 

0.23 

0.06 

0.13 

|g| 

0.46 

0.7-80 

3 

4 

0.9 

0.94 

0.24 

0.08 

0.16 

Ha 

0.44 

56  -  50 

2.8 

3.8 

0.87 

0.95 

0.08 

0.33 

0.07 

0.21 

0.63 

0.37 

56-80 

2.4 

6.3 

0.78 

0.97 

0 

0.45 

0.05 

0.37 

0.66 

0.23 

TR  =  total  respiratory  system,  NP  =  nasopharyngeal  region  ,TB  =  tracheobronchial  region, 

P  =  pulmonary  (alveolar)  region  ,0.7  *  50  =  0.7  m3  chamber  at  50  g/m3,  0.7  -  80  —  0.7  m3  chamber  at  80  g/m 
,  56  -  50  =  56  m3  chamber  at  50  g/m3,  56  -  80  =  56  m3  chamber  at  80  g/m3. 
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Rotaneter 


Figure  1.  Cross-section  of  the  SFE  aerosol  generator  -  0.7  m3  chamber. 
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Figure  3.  Schematic  of  the  aerosol  sampling  dilution  system. 

*  3-way  solenoid  valves  switched  simultaneously,  flow  meters 
balanced  to  maintain  zero  differential  chamber  pressure 


Aerosol  concentration  (g/m 


Time  (min) 


Figure  4.  Exponential  decay  of  actual  aerosol  concentration. 
0.7  -  50  =  0.7  m1  chamber  at  50  g/m1 
0.7  -  80  =  0.7  m1  chamber  at  80  g/m1 
56  -  50  =  56  m1  chamber  at  50  g/m1 
56  -  80  =  56  m1  chamber  at  80  g/m1 
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MMAD  (fim) 


Figure  5.  Aerosol  particle  growth 

0.7  -  50  =  0.7  m3  chamber  at  50  g/mJ 
0.7  -  80  =  0.7  m3  chamber  at  80  g/m3 
56  -  50  =  56  m3  chamber  at  50  g/m3 
56  -  80  =  56  m3  chamber  at  80  g/m3 
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o  12  24  36  48 

Time  (min) 


Figure  6.  Exponential  decay  of  C02  concentration. 
0.7  -  50  =  0.7  m3  chamber  at  50  g/m3 
0.7  -  80  =  0.7  m3  chamber  at  80  g/m3 
56  -  50  =  56  m3  chamber  at  50  g/m3 
56  -  80  =  56  m3  chamber  at  80  g/m3 


CO  (ppm) 


Figure  7.  Exponential  decay  of  CO  concentration. 
0.7  -  50  =  0.7  m3  chamber  at  50  g/m3 
0.7  -  80  =  0.7  m3  chamber  at  80  g/m3 
56  -  50  =  56  m3  chamber  at  50  g/m3 
56  -  80  =  56  m3  chamber  at  80  g/m3 
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(mmHg) 


0  22  44  66  88  110 

(Thousands) 

C02  ppm 


Figure  8.  Alveolar  C02  partial  pressure  as  a  function  of  atmospheric  C02  concentration, 

solid  circles  =  C02  concentration  and  Paco,  reported  directly 

open  circles  =  C02  concentration  reported  and  Paco,  reported  as  diffential  from  baseline 
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/ 


0.00  10.60  21.20  31.80  42.40  53.00. 

(Thousands)  I 

C02  (ppm)*  j 


(Thousands) 


Figure  10.  Elevation  of  minute  ventilation  due  to  hypercapnea  as  a  function  of 
atmospheric  C02  concentration. 

*  based  on  PAco,  calculations,  solid  circles  =  Ve,  C02  concentration  and  Paco,  given 
open  circles  =  Ve,  Paco,  given  and  CO,  concentration  calculated 
triangles  =  data  reported  as  CO,  vs  Ve  directly 
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0  5  10  15  20  25  30  35  40  45  50  55  60 

Time  (min) 


Figure  11.  Hypothetical  C02  induced  hypercapnea  for  each  exposure  condition. 
0.7  -  50  =  0.7  m3  chamber  at  50  g/m3 
0.7  -  80  =  0.7  m3  chamber  at  80  g/m3 
56  -  50  =  56  m3  chamber  at  50  g/m3 
56  -  80  =  56  m3  chamber  at  80  g/m3 
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A  fraction  of  baseline  deposition 


Time  (min) 

Figure  12.  Calculated  fractional  increase  of  aerosol  depositon  due  to  COj  induced 
hypercapnea 

assumes  direct  proportionality  between  deposition  and  Vc 
Vc  =  7  L/min  =  baseline 
0.7  -  50  =  0.7  m1  chamber  at  50  g/m3 
0.7  -  80  =  0.7  m3  chamber  at  80  g/m3 
56  -  50  =  56  m3  chamber  at  50  g/m3 
56  -  80  =  56  m3  chamber  at  80  g/m3 
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Aerosol  Deposition  (rag/min/min) 


Figure  13.  Increase  in  particle  deposition  as  a  function  of  aerosol  mass  concentration  and 
C02  induced  hypercapnea  -  0.7  m3  chamber  at  50  g/m3. 

*  greater  than  baseline  concentration  of  0.7  mg/L  (lowest  encountered  in  all  4  atmospheres) 
**  greater  than  baseline  Vc  of  7  L/min. 

Under  these  conditions,  little  variation  of  aerosol  deposition  rate  is  predicted. 
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Aerosol  Deposition  (mg/min/min) 


Figure  14.  Increase  in  particle  deposition  as  a  function  of  aerosol  mass  concentration  and 
C02  induced  hypercapnea  -  0.7  m3  chamber  at  80  g/m3. 

*  greater  than  baseline  concentration  of  0.7  mg/L  (lowest  encountered  in  all  4  atmospheres) 
**  greater  than  baseline  Vc  of  7  L/min. 
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Figure  15.  Increase  in  particle  deposition  as  a  function  of  aerosol  mass  concentration  and 
C02  induced  hypercapnea  -  56  m3  chamber  at  50  g/m3. 

*  greater  than  baseline  concentration  of  0.7  mg/L  (lowest  encountered  in  all  4  atmospheres) 
**  greater  than  baseline  Ve  of  7  L/min. 
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Aerosol  Deposition  (mg/min/min) 


Figure  16.  Increase  in  particle  deposition  as  a  function  of  aerosol  mass  concentration  and 
C02  induced  hypercapnea  -  56  m3  chamber  at  80  g/in3. 

*  greater  than  baseline  concentration  of  0.7  mg/L  (lowest  encountered  in  all  4  atmospheres) 
**  greater  than  baseline  Vc  of  7  L/min. 

Under  these  exposure  conditions,  a  much  larger  change  of  aerosol  deposition  rates  is 
anticipated. 
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Figure  19.  Change  of  carboxyhemoglobin  formation  rates  -  56  m3  chamber  at  50  g/m\ 
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COHb  %  -  min 


Figure  24.  Cumulative  carboxyhemoglobin  formation  -  56  m3  chamber  at  80  g/m3. 
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